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ABSTRACT: It has been pointed out that deformation moduli based on conventional in-
situ and laboratory tests are generally too low to obtain appropriate deformations
under design loads, and that shear modull from seismic velocities Ga should be used
as upper bounds on static shear moduli. However, direct measurements of Ga are
expensive and cumbersome. Then it is often required to evaluate Ga from conventional
tests In practice. Evaluation of Ga from SPT N-value or shear strength c. is
discussed, and the following relationships are recommended as average values:
Ga=5N[MPa] or 500c.. Introducing Ga .or Es« &as the Initial tangents of simple
hyperbolic curves, strain-dependent modulli for 1linear or simplified non-linear
analyses are evaluated. As an example of application, pile settlement analysis with a

simplified non-linear BEM is shown.

1 INTRODUCTION

Deformation analyses based on linear or
simplified non-linear elastic models are
practical and effective methods under
deslgn loads provided that appropriate
input parameters are given. It has been
recognized, however, that Young's moduli
obtained from conventional In-situ or
laboratory tests . tend to largely
overestimate deformations under design
loads. This situation mainly arises from
the fact that strain levels corresponding
to the Input parameters are often much
larger than those in the field (e.g.,
Murayama et al. 1982, Jardine et al. 1985),
Therefore, we should evaluate Young's
moduli E or shear modull G as a function
of strain level; that 1is to say,
appropriate moduli corresponding to in-
situ strain levels should be given.

As s often the case in practice,
however, available data could be only
routine in-situ and/or laboratory tests
such as Standard Penetration Tests (SPT)
and unconfined- compression tests,
Consequently, we often have to make use
of empirical correlations between SPT N-
values or undralned shear strength c.
and E or G. Many such relationships have
been proposed, but the straln levels In
them are not definite except Ga based orn
shear wave velocities.

In this paper, evaluation of Ga or Ea

‘needs only two parameters.
‘choose the appropriate parameters, it

from N-values or c¢. is dilscussed. Then
Introducing Es or Ga as the initial
tangent of the Kondner or the Hardin-
Drnevich hyperbolle curve, E(2) or G(7) is
evaluated In terms of N-value or cCu.
Application of these relationships to
settlement analyses Is also discussed.

2 MNYPERBOLIC STRESS-STRAIN MODEIL

There are a wide variety of sophisticated
stress-straln models for solls. However,
most of the models which require many
parameters would be tooc difficult to use
in practice, especlally Iin preliminary
analyses or projects which are not so
big.

The 1isotropic model
If we can

linear elastic

should be an adequate model for design
{(Poulos 1988). When average shear strain

becomes on the order of 10-%, or
locallized failure oceurs, non-linear
models are preferable (e.g., Bellotti et
al. 1989).

In order to perform non-linear
analyses, at Ileast another parameter
such as a strength parameter is

required. The KXondner or the Hardio-

Drnevich hyperbolic model is more
advantageous than other non-linear
models with the same num_ber of



parameters, such as the bilinear model,
because of the followlng points (Hirayama
1990, 1991):

1. The model can simulate the essential
non-linear features falrly well with the
minimum number of parameters. If it 1is
required to simulate other essentlal
features according to a problem, other
rarameters may be introduced as will be
shown In 4.1.

2, The physical meanings of three
parameters are clear; l.e., {nitial
stiffness, ultimate strength, and
Poisson's ratio.

3. The methoed for determining the
constants of the hyperbola based on

measured data is rather simpler In terms
of calculation and judgment.

4. Theoretical analyses for interpreting
the effects of scll non-linearity on
foundation behaviour are possible In
scme cases since the . closed-form
solutions for integrals under simple
boundary conditions may be obtalnable as
an example will be shown in 4.1.

As mentioned “above, three input
parameters are required. The ultimate or

peak strength, which is the primary
parameter in conventional failure
analyses, can be easily determined from

the results of routine tests,

Polsson's ratio under undrained
conditions is definlte. In the case of
drained conditions, Poisson's ratic has to
represent dilatancy characteristics.
Consequently, non-linear elastic models
cannot represent positive dilatancy. If

positive dilatancy 1is important Iin a
problem analyzed, such as a shallow
foundation on dense sand or over-

consolidated clay, elastic models may be
difficult to predict overall deformation
behaviour; e.g., both settlements and
lateral displacements. It should be also
noted that bulk modulus 1is very,
sensitive to Polsson's ratic., Therefore,
Polsson's ratio is very Important when
deformation mechanisms mainly depend. on
volume  change rather than  shear
deformation such as pile toe behaviour
under ~relatively large settlement
(Hirayama 1991). In such cases, linear or
non-linear elastic analyses should be
Interpreted with caution acknowledging

the above-mentioned limitation and
nechanism.
Initial stiffnéss * such as initial

Young's modulus or inltial shear modulus
should be given considering the derived
actual strain level of soll. It should be
noted that so-called Initial stiffness
derived from conventlonal tests, such as
traditional triaxial tests and
pressuremeter tests, Is too low in
general. This will be discussed in detail

in the following section.

J° EVALUATION OF INITIAL AND SECANT
MODULI FROM CONVENTICNAL TESTS

3.1 Imitial shear modulus Trom
shear wave velocity, Ga

Shear modull obtalined by selsmic
techniques, where imposed shear stresses
are much smaller than those by
foundations, used  to -be considered
unpractical for static loading problems.
It has shown, however, that both static
shear modull and seismic shear modull
are identical when precise measurements
are made at very low shear straln levels
of the order of 10= (Drnevich 1975).
Then he proposed that shear moduli ip-
situ by seismlc techniques be used as
upper bounds on static shear modull.
Tatsuoka & Shibuya (1891) have recently
reviewed previous studies, and commented
that the results strongly support the
methodology which is the same with the
above-mentioned proposal.

Therefore, shear modulus from shear
wave velocity Ga, whose strain level is
usually about 10-® or less {Chsaki &
Iwasak] 1973, Hara et al. 1974), can be
one of the most Important parameter in
static analyses as well as dynamic
analyses for earthquake problems.

However, direct measurements of G4 In-
gitu and "in the laboratory are expensive
and cumbersome. Then various empirical
correlations between Ga and common test
results have been proposed In the field
of earthquake engineering. Use of these
correlations may be recommended in
practice in some cases as follows (e.g.,
Gazetas 1991):

1. In feasibility studies and preliminary
design calculations;

2. for final deslgn calculations in bhig
projects as supplementary data or in
small projects as main data:

3. for initial data in back analyses:

4. to provide an order-of-magnitude
check against the experimentally de-
termined values.

In the following subsections, eval-
uation of Gaq from SPT N-value and
undrained shear strength c¢. will be
discussed.

3.2 Ga from N-value

Various correlations between Ga. and SPT
N-value have been proposed in Japan and
the USA. Some of. them take account of
factors or parameters such as soll type,.
geologlec age and effective vertieal



stress. Sykora & Koester (1988) investi-
gated existing correlations and
commented that correlations involving
these factors or parameters do not
Improve accuracy so much or at all.

Therefore, the following correlations
which involve varlous solls are
discussed:

Ga=11.9N°-78 [Mpa] (1)
Ga=14.1N°-=2 [MPa] (2)

Eq.{1) was proposed by Ohsaki & Iwasaki
(1973) from about 220 data, aund Eq.(2) was
proposed by Imal & Tonouchi (1982) from
16564 data., These data can be considered
to cover representative ground condi-
tlons in urban areas of Japan.

Both correlations were obtalned by
statistic analyses. The methods of
analyses were not described, but 1t lis
Inferred that they are based on the
method of 1least squares employing N-
value as an Independent wvariable, which
should not Iinvolve errors from the
assumptlion of the method. However, Iif Ga
and N-value Involve the same order of
errors, the correlation between them
should be based on the principal
component analysis as 1llustrated in
Fig.l {Hirayama et al. 1988).

In Ga=CN=, the constants obtained from
the principal component analysis give
smaller C and larger n than Eqs.(1) or
(2). Then from Fig.2, Egs.(1) or (2) may be
approximated by

Ga=5N [MPa] (3)

If it is assumed that SPT N-values
measured In Japan correspond to an
efficiency of 67% of free-fall energy
(No7) and those in the USA correspond to
60% (Nso} (Sykora & Koester 1988), the
correlation for sands and silty sands

proposed by Seed et al. (1983) may be
adjusted as follows:

Gq=6-2Neo[MPa]=5.6NaT[MPa] (4)

Eq.(3), which 1s simpler than Eq.(1) or (2),
1s In good agreement with Eq.(4).

3.3 Ga from c..
Errors of Ga from SPT become large when
N-values are not so large, especially
when N-value is less than 2 (Hara et al.
1974, Imal 1977). For such soft clays, Gea
from shear strength c. could be more
reliable.

Shibata & Socelarno (1978) discussed
that Ga/c. might be constant when Co is
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Fig.2 Comparison of Egs.(1), (2) & (3)

about 0.75 and high plastic clays have

lower Ga/cCu.

Tatsuoka & Shibuya (1991)

pointed out that Ga/c. decreases as ca

increases.



Thus the values of Ga/C. could take a

rather wide range. Hara et al. (1974)

investigated the correlation between Ga:

and c.. The values of Ga/c. range from
250 to 1430, but a correlation which is
approximated with the following equation
is obtalned with a high coefficlent of
correlation:

Ga=500C. (5)

Several other correlations have been
proposed, e.g., as summarized in Hara et
al. (1974) and Shibata % Soelarno (1978).
Some of them give a bit higher Gao than
Eq.(5). Thus Eq.(5) may give appropriate
average values which is safe sides.

3.4 Secant moduii

Evaluation of Gq from N-value or cu is
discussed In 3.2 and 3.3. Egs.(3) and (5)
are recommended for the purposes
sunmarized in the last part of 3.1.

When Young's modulus under very low
strain which corresponds to Ga is
required, the following relatlionships are
recommended from Egs.(3), .(5), and dynamic

Poisson's ratios shown by Ohsaki &

Iwasakl (1973) (i.e., 0.4B for cohesive

soils and 0.44-0.46 for various solls):
Ea=14N [MPa] (6)
Ea=1500Ca ' (7

The reference straln in the Hardin-
Drnevich hyperbolic curve 7. ([asymptote
value]/[initial tangent]) may be assumed
In rather simple forms as follows: 7 o=
10-2-8 o2 ( 0, = confining pressure in
[MPa]) for cohesionless solls (Shibata &
Soelarno 1975) and 7.=1/500 for cohesive
sofls (from Eq.(5)). Then secant moduli
taking account of

evaluated as follows (Hiravama & Fukuda
1988):

Gseal 7 )=5N/(1+102-5 ¢ _~°-> 7 })[MPa] (8)
Gaecl( 7 )=300c./(1+500 7 ) (9)
Faac( £ )=14N/(1+1.4x102-> 0,~°-% £ )[MPa] (10)
Esec{ & )=1500c./(1+750 & ) (11)

where oo=confinlng pressure in [MPal.
Eq.(6) gives just 20 times as large as
Ep=0.7N[MPa], which was proposed based on
conventional pressuremeter tests (Yoshi-
naka 1968) and has been widely used In
Japan. This is due to the fact that
strains correspond to Ep are in a range
_of 10-2 to 10~* (Imai 1977). Eq.(10) can

strain levels are

Fig.3 Concentric-cylinder model for soil
behaviour around a pile shaft

explain the above-mentioned E;. when
strain levels in pressuremeter tests are
taken into account.

4 APPLICATION TO SETTLEMENT ANALYSIS

4.1 Three-constant hyperbolic model for
pile settlement analysis

Soll behaviour around a pile shaft,
whose radius is ro, is modeled with a
concentric-cylinder model as shown in
Fig.3. Stress-strain behaviour of soil is
modeled with the three-constant (except
Poisson's ratio) hyperbolic curve as
shown in Fig.4. Initial - tangent shear
modulus G; is practicdlly the same with
Ga. Another parameter Ry which Is the
ratio of peak strength to asymptote
value 1Is Introduced Into "the two-
constant hyperbolic curve described in 2,
but it should be noted that the three-
constant model reduced to the two-
constant model when Re is 1.0.
Introducing Re herein 1is rather for
comparing with the result derived later.
Secant shear modulus at a distance of r
from the center, Gmaclr), is given by

Geac(r)= /7 =1/(as+b 7 )=G;[1-(ro/r)F] (12)

vhere F= 7o/ Twix (=load factor).
Then, the average soil modulus from ro

Eo mro, Gaeec.aws, 18 calculated as follows
‘Hirayama 1991):

Gaac,nv=0:[1-2F/(1+m)] (13)

Eq.(13) indicates that the average
stress-strain response from re to mro is
also a three-constant hyperbola whose
Initial modulus 1s the same with Eq.(12)
{l.e., G:i=1/a=G4) while the asymptote Iis
(1+m)/2 times as large as that of Eq.(12)
at the interface (l.e, ro/r = 1) whose
shear strain is largest. That Is to say,
Rr equals 2/(1+m} for average stress-
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Fig.4 Three-constant stress-strain model

Table 1 Input parameters

culkPa]=53+7.2z[m]

fa=0.0cu (unit skin friction)

Quir=9c. (ultimate unit toe resistance)
v =0.5 (Poisson's ratio)

m=7 (Eq.(13))

Ep11a=2.78x104{MPa]

Load (per one pile) [MN]
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Fig.5 Calculated and measured load-:
settlement curves

strain behaviour around a pile shaft
when Re=1.0 (l.e., perfectly hyperbolic)
for scoil itself. The apparent increase of
stiffness due to Re=2/(1+m) arises from
the contribution of the surrounding soil,
whose shear strain decreases as the
distance from the Interface Iincreases as
shown in Eq.{12), on shaft resistance as
far as continuous slip does not occur at
or mnear plle-soll Iinterface. Part of
Eq.{13) up to the strength at the
interface may be used for pile. settlement
analysis. Average soll moduli between
piles, which may be used for pille-soil-

plle Interaction for pile group
settlement analyses, are also ap-
proximately calculated in c¢losed-form

solutions (Hirayama 1991). Then simple buf;
reasonable non-linear analyses for plles
or pile groups can be carried out, and a
program termed PIESAVR for a simplified

BEM which is used with personal
computers has been written (irayama
1991, 1952).

4.2 Case study of pile settlement
analysis

The loading tests by 0'Neill et al. {1982)
for 3x3 pile group and two single pilles,
which were 13m long steel fube plles
driven In heavily overconsolidated clays,
were analyzed with  PIESAVR. Input
parameters determined from the proposals
described In 3.4 are shown in Table 1
(Hirayama 1991)}.

The results of
settlement

calculzﬁ:ed
relationships are

load-
shown iIn

.Flg.5 compared with the measured results.

The calculated results agree fairly well
with the measured results. When the
effects of pile installation such as pre-~
boring up to 3m and initlal residual
stresses due to driving and re-
consolidation are considered, the

‘calculated results are improved (Hirayama

1992).

As another example, Fuse et al. (1992)
analyzed the result of a loading test of
a floating pile at Kansal International
Airport, which is under construction in
Osaka Bay, with FEM employing a elasto-
viscoplastic model. They concluded that
inltlal moduli from Eqgs.(6) & (7) give much
better agreement than other lower
moduli.

4.3 Linear elastic analysis

Secant modull may be evaluated from
Egs.(8)-{11) when strain levels are known.
Then linear analyses taking account of
strain levels are possible. FFor example,



In the case of settlement analyses of
shallow foundations, simplified strain
distribution patterns such as the 2B-0.6
distribution or its improved distribution
(Schmertmann et al. 1978) may be used.

However, strain levels are not known
until settlements are calculated. First,
therefore, straln levels have to be
assumed. The strain levels from
calculated settlements should be the
same order with the . assumed strain
levels. Few feedback calculations will
glve reasonable agreement.

It may be useful to know the normal
range of straln levels in the field, such
as 10~* to 102 (about 3 times for clays)
for strutted excavation problems
(Hirayama & Fukuda 1988). Jardine et al.
(1986) analyzed some problems:; such as
shallow foundation, plle and strutted
excavation; with a non-linear FEM, and
summarized the secant moduli with load
factor or safety factor.

5 CONCLUSIONS

Deformation modull from shear wave
velocities Ga or Ea, which can be used
as upper bounds on static analyses, are
evaluated in terms of conventional in-
situ and laboratory test results; i.e.,
SPT N-value and shear strength c... The
following relationships are recommended
as average values: Gg=5N[MPa] or 500c.,
Ea=14N[MPa] or 1500C..

Introducing these relationships into
the Hardin-Drnevich or the Kondner
hyperbolic curve, secant modulli of G or
E are evaluated taking account of strain
levels as shown In. Egs.(8) to (il). These
relationships can be effectively used for
linear or simplified non-linear analyses.
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